A computationally efficient procedure for modelling of microstructural changes on complex and spatially nonuniform deformation paths of severe plastic deformation (SPD) is presented. The analysis follows a two-step procedure. In the first step, motivated by saturation of material hardening at large accumulated strains, the steady-state kinematics of the process is generated for a non-hardening viscoplastic model by using the standard finite element method for a specified SPD scheme. In the second step, microstructural changes are investigated along the deformation-gradient trajectories determined in the first step for different initial locations of a material element. The aim of this study is to predict texture evolution and grain refinement in a non-conventional process of cold extrusion assisted by cyclic rotation of the die, called KOBO process, which leads to an ultra-fine grain structure. The texture evolution is calculated for fcc and hcp metals by applying crystal visco-plasticity combined with the self-consistent scale transition scheme. In parallel, by applying the simplified phenomenological model of microstructure evolution along the trajectories, grain refinement is modelled. The results are compared with available experimental data.
Introduction
Severe plastic deformation (SPD) processes induce substantial changes in material microstructure such as grain refinement and texture evolution, see the extensive reviews [1, 2, 3, 4] covering different aspects of the problem. To model the microstructure evolution, it is necessary to determine the actual deformation path imposed on the volume element under consideration.
For some well-known SPD processes the macroscopic deformation path is easily determined with a good accuracy by basic kinematics, for instance, for a single pass of ECAP process the simple shear deformation is frequently used [2, 3] . On the other hand, there are processes, such as the KOBO extrusion [5, 6] , where the severe plastic deformation field is complex and position-dependent and must be determined numerically, typically by the finite element method. However, a direct use of a material model which requires the history of material parameters to be followed is then difficult due to heavy distortion of finite elements and the need of remeshing. Moreover, a detailed study of texture evolution and grain fragmentation done simultaneously with finite element modelling would be extremely time consuming.
That is why a two-step procedure for analysis of microstructure changes in SPD processes has been proposed in [7] . In the first step, the deformation paths for selected material points are determined with the help of the standard finite element method, accompanied by suitable post- processing, by using a non-hardening viscoplastic model. This step, motivated by the observed saturation of material hardening at very large accumulated plastic strains, enables relatively easy calculations of the approximate deformation field for the actual SPD process. A similar approach has been developed in [8] where the velocity gradient components are determined from the analytic flow line functions following from the upper bound method applied to the classical extrusion process. In the approach employed in [7] , the deformation gradient paths are determined by directly postprocessing the results of FE simulations of the KOBO extrusion.
In the second step, by applying a refined micromechanical model of plasticity, e.g., the crystal aggregate model or the model of grain refinement, microstructural changes are analyzed along the deformation-gradient trajectories determined in the first step.
In the next sections, principles of the two steps are explained in more detail. Each step is illustrated by examples of the application of the proposed approach to the analysis of microstructure evolution in fcc and hcp materials during the ECAP and the KOBO extrusion processes.
Deformation paths in SPD processes
Following the approach proposed in [7] , the complex kinematics of SPD processes is determined first by neglecting the material hardening that is saturated at large accumulated plastic strain.
Constitutive equations are specified by the rigid-viscoplastic Norton-Hoff model that relates σ , the deviatoric part of the Cauchy stress tensor σ, and d, the Eulerian strain-rate tensor,
Here, σ y is the reference yield stress, d 0 II is the reference strain-rate, and 0 < m < 1 is the strain-rate sensitivity coefficient. In view of incompressibility, we have tr d = 0.
Since this model behaviour does not depend of the strain history, the finite element method can be used in the Eulerian setting to solve efficiently the boundary value problem for a selected SPD process. The key point is that the procedure simplifies considerably if the kinematics is of steady-state type, so that a single finite element solution is only needed to determine by appropriate post-processing the whole deformation path for any material point.
The procedure can be applied to different SPD processes. In this paper, the extrusion assisted by cyclic rotation of the die (the KOBO process) is taken as the basic example and compared with the commonly known ECAP process.
The principle of the KOBO extrusion process [5, 6] is illustrated in figure 1 . It is a nonconventional process of cold extrusion where the hollow die is not fixed but subjected to cyclic rotation (figure 1a). In result, the plastic flow pattern differs from the usual extrusion scheme and takes the form shown in figure 1b [7] . As explained in the reference, under the assumption of non-hardening, the quasi-static solution of the problem of axisymmetric extrusion with cyclic torsion can be easily constructed from the solution for steady-state extrusion with monotonic torsion. This is done by changing the sign of the angular velocity in a cyclic manner while the radial and axial velocities remain the same as in the steady-state solution.
The deformation gradient along material point trajectories shown in figure 1b varies in a manner strongly dependent on the initial position of the point. This is shown in figure 2 by assuming for illustrational purposes a spherical shape of a material element at some selected stage of the deformation (the whole deformation path would correspond to the element elongation too large to be visualized). Figure 2 shows how an assumed sphere deforms and rotates along the subsequent segment of the deformation path.
For the sake of comparison, examples of deformation histories for the known different variants of the ECAP process are shown in figure 3 . Some similarities are found between those deformation schemes and the ones on subsequent segments of the deformation path in the KOBO extrusion. Reversible simple shear deformation of volume elements is observed in the regimes of cyclic shearing (e.g., segments I and II), corresponding to the route C in the ECAP process, so that after a single cycle of die rotation the initial shape is approximately recovered. The shear amplitude is, in general, smaller than in the ECAP process. It depends on the process parameter φ 0 and decreases for the deformation paths closer to the axis of extruded rod. On the other hand, as multiple cycles are performed on the volume element in the KOBO extrusion, accumulated plastic strain is usually much larger than in the ECAP process. Close to the zone of material outflow from the die (e.g., segments III and IV) the deformation scheme changes towards the one observed in Route A and Route Ba of the ECAP process, for which distortion of the volume element accumulates as deformation proceeds. Observe, however, that, in the KOBO extrusion, distortion connected with the accumulated simple shear is additionally enhanced by isochoric elongation of ellipsoids characteristic for the classical extrusion process. This type of deformation dominates in the central part of extruded sample. Heterogeneity of deformation in the KOBO process results in a non-uniform grain refinement and a non-uniform texture after the process, as will be shown below.
Modelling of microstructure evolution

Grain refinement
A quantitative model of grain refinement developed in [9] is briefly outlined below. The model describes, in a phenomenological manner, the experimentally observed microstructural effects that accompany severe plastic deformation processes in metals. The relevant references to experimental literature can be found in [9] ; see also the interesting approach, formulated within the crystal plasticity framework, proposed more recently in [10] .
In order to account for transitory periods of transformation and reconstruction of dislocation microstructure after strain-rate reversals, during which dislocation multiplication and workhardening are slowed down, the effective plastic strain ε eff is introduced that is related to the equivalent (von Mises) strain ε vM by the following evolution equatioṅ
where e r is the back-strain tensor defined below, d p is the plastic part of the Eulerian strain rate,ε vM = (
, and r ∞ and ε r are material constants. The back-strain (prestrain) tensor e r is defined incrementally as follows
where ∇ e r denotes the objective corotational (Zaremba-Jaumann) rate of e r . Several parameters are then introduced that describe the microstructure formed in a metal during large plastic deformation. Following numerous experimental observations, the microstructure is assumed to be composed of equiaxed ordinary dislocation cells and cell-block domains. The microstructure is described by parameters D c , D b and D w denoting, respectively, the mean dislocation-cell diameter, the mean domain-wall spacing and the mean cell-block length, and simple evolution laws are postulated for those parameters. Using those parameters, the fraction of high-angle grain boundaries (HAGB), denoted by ξ h , can be estimated according to
Evolution of the microstructure parameters D c , D b and D w is expressed in terms of the effective plastic strain ε eff defined above. In contrast to the von Mises strain ε vM , the effective plastic strain ε eff does not increase during transitory periods after strain-rate reversals. Hence, according to the model (and in agreement with experimental evidence), grain refinement is slowed down during cyclic deformation as compared to the monotonic deformation characterized by the same accumulated von Mises strain ε vM .
The microstructure parameters can be used to estimate strain hardening during large plastic deformation. Specifically, the following formula for the isotropic part of the yield stress σ y has been postulated,
where σ 1 is interpreted as a frictional stress, G denotes the elastic shear modulus, b is the magnitude of the Burgers vector, and coefficients k c and k b are material constants. Equation (5) combines the well-known formulae for dislocation strengthening, inversely proportional to Figure 4a shows the evolution of microstructure parameters D c and D b predicted for pure aluminium processed by rolling and ECAP (route C), cf. [9] . The parameters are shown as a function of the effective plastic strain ε eff defined by Eq. (2) so that the two processes are characterized by the same curve, despite the strain paths are different. It is seen that the predictions match experimental data [11, 12] very well. Figure 4b shows evolution the mean domain-wall spacing D b in pure aluminium processed by KOBO extrusion, cf. [7] . Here, selected trajectories of different initial radius r 0 are parametrized by the von Mises strain ε vM . The effect of strain path on the evolution of microstructure is clearly visible.
Texture development
Simulations of texture evolution in a fcc material subjected to the KOBO extrusion process have been reported in [13] . Selected results are invoked in figure 5 . It has been assumed that material deforms only by the basic slip systems {111} 110 . It has been found that the texture development, due to differences in the deformation paths discussed above, is strongly heterogeneous depending on the location of the volume element. For the center of the extruded rod, the texture evolves similarly to the conventional extrusion process, while strong textures develop in the outer parts of the rod. In the open literature, the experimental data concerning the texture development in the KOBO extrusion process are far more scarcer than for the ECAP process. As concerns fcc materials, in a conference communication [14] it is reported that single blocks of orientations are observed in the regions subjected to the intensive cyclic shearing deformation, and the typical fiber texture is formed in the center of the extruded rod, which qualitatively agrees with the modelling predictions. ; aggregate of 500 orientations [13] In this contribution, we present new results of texture simulation for an hcp material: AZ31B magnesium alloy, which is a material of high specific strength that deforms by slip and twinning. Twinning is activated due to insufficient number of easy slip systems in this alloy. Note that the KOBO extrusion process proved to be an efficient forming process for the materials of low ductility [6] for which traditional methods often fail to deliver acceptable products.
The texture evolution model used in this work combines the large strain crystal plasticity model accounting for twinning with the self-consistent grain-to-polycrystal scale transition scheme. General outline of the theory can be found in [15, 16] , while the details of incorporation of twinning -in [17] . Basic features of the model are described below.
Multiplicative decomposition of the deformation gradient of a single grain into the elastic and plastic parts is applied. It is assumed that the elastic stretches are negligible compared to the plastic strains so that the elastic part is restricted to a rigid rotation responsible for the texture development. Plastic deformation occurs by slip or twinning on the slip or twin systems relevant for the considered material.
Twinning is described as a uni-directional slip mode. Appearance of twin related orientations in the texture image is accounted for using the statistical concept of Van Houtte [18] modified in [17] in order to preserve consistency of twinning activity, and the resulting twin volume fraction in the grain, with the reorientation probability. It is achieved using the probabilistic twin volume consistent scheme (PTVC) proposed in [17] .
The rate of slip or pseudo-slip on the considered slip or twin system r is related to the resolved shear stress τ r according to the viscoplastic power laẇ
The critical shear stress τ r c evolves according to the hardening law proposed in [17] . This law includes four types of interactions: slip-slip, slip-twin, twin-slip and twin-twin and differentiates between their impact on the increment of τ r c . In short, the formula describing the current hardening modulus due to slip-slip or twin-slip interaction is the Voce-type law with saturation [19] accounting for the athermal statistical storage of moving dislocations and dynamic recovery, while a current hardening modulus due to slip-twin or twin-twin interaction is proportional to f T W /(1 − f T W ), where f T W is the current twin volume fraction. It describes the geometrical effect of twin boundaries on deformation modes activity [20] . More details concerning the formulation can be found in [17, 21] .
The response of a polycrystalline aggregate is obtained by averaging the responses of individual grains in the representative volume element (RVE). The most common Taylor model, assuming the same deformation in each grain, usually does not provide acceptable results in the case of materials and complex processes under consideration. Metals deforming by slip and twinning often have less than five independent slip systems, which leads to an overestimation of the overall stress when using the Taylor model. The self-consistent schemes making use of the Eshelby solution provide better estimates. Note that for non-linear material behaviour different variants of the self-consistent approach are available. They are not discussed here in more detail. The reader is referred to the related publications, e.g. [22, 21] . Computations reported in this paper were performed using the VPSC code [16] , in the frame of which own procedures for the PTVC reorientation scheme and the developed hardening model have been implemented.
In calculations, four deformations modes are assumed to be potentially active for the AZ31B magnesium alloy: basal (0001) 1120 , prismatic {1100} 1120 and pyramidal c+a {1122} 1123 slip systems as well as tensile twinning {1012} 1011 . Material parameters used in the crystal plasticity model can be found in [21] . Aggregates of 500 grains, initially without texture, are analyzed. They are subjected to the deformation paths obtained using the procedure described in Section 2 for the KOBO extrusion with the process parameters specified in the figure captions. They are the same as those applied in [23] where textures after KOBO extrusion have been studied experimentally along the axial cross-section of the rod for the material under consideration. The (0001) pole figures obtained for the AZ31B polycrystal (figure 6) show final texture for the assumed initial location of the material volume element. Similarly to the fcc material (figure 5), the results are presented in two ways: discrete point plots containing the orientation of each pole for each of 500 grains and contour plots showing the reconstructed orientation distribution functions for the same set of data. The extrusion axis is perpendicular to the projection plane and the radial direction is aligned with the horizontal axis of the figure. Qualitatively, the results are similar to those obtained for the fcc material, i.e., due to differences in the deformation paths, the texture varies strongly depending on the location of the volume element. Again, for the center of the rod the texture corresponds to the one obtained for the conventional extrusion process (not shown here), while outside of the cylinder axis the texture image loses axial symmetry and only the symmetry with respect to the horizontal axis is visible. The strong texture, characterized by single orientation blocks, are found for the elements located close to the lateral boundary of the rod (see figures 6c,d). Figure 7 presents the contour plots of (0001) pole figures. Here, the extrusion axis is coaxial with the projection plane, and the radial direction is aligned with the vertical axis of the pole figure. The texture visualizations in figure 7 bear some resemblance to the experimental data reported in [23] , especially concerning the main texture component, although a direct comparison is not possible due to the lack of detailed information concerning the location and dimensions of measurement sites.
To the authors' best knowledge a systematic experimental study of texture heterogeneity along the cross-sections of the KOBO extruded rode is still lacking. The presented modelling results may serve as a good starting point for planning relevant testing strategy for such a study.
Conclusions
It has been demonstrated that the proposed two-step procedure for the modelling of microstructural changes on complex and spatially nonuniform deformation paths of severe plastic deformation is computationally effective. The essence of the first step is to determine deformation-gradient trajectories for selected elements in the material sample by using the finite element method, neglecting a possible hardening effect on the deformation field. This approximation is needed since otherwise the problem is difficult to handle numerically. Different deformation paths have been illustrated graphically in figures 2 and 3 for KOBO and ECAP processes. In the second step, the deformation paths determined in the first step have been used to investigate microstructural changes such as grain refinement and texture evolution. A qualitative comparison to the available experimental data looks promising. However, a definite conclusion about the predictive capabilities of the proposed procedure regarding the real behaviour of materials subjected to complex SPD requires yet further work.
